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A crrvostatle, low lusk conductor as the bhasic
rtrand  dna 5 bA able for a 20 M) prototype, tokamak
induction heating o1l has been developed, tabricated,
and  evaluated, N condurtor has a copper matriz
eultifilasintary NhTi core surrounded by a CuNi  ring
and  stabilizing  copper pegmented by oradial CuXt tine.
Puised Zons Reasurcochts have been made up to 2.0 T and
for decay tines trom 07 to 278 @ee Measurements sade
un &amjles with various twiste and portions etched avay
have allmwed accurate evaluation of the loss compu-
nente. Stakility measurements were also made on
irsulated and uninsulared single strands and on sub=
cablen, Maasuredl recovery heat flux for the bare
rtrand  fe about (Y W ocpt; however, the application of
d et ine laver of imega insulation {ncreases the
value to abut 1.5 W en”s

Introduction

Induction hedating colls ot future tokamak devicen
will he required to produce 7 to 8 T flelds which  can
he fully rveversed in o few secondr.  Energy require-
ments demend  that the cefls be superconduct i ng.
Engineering requiresenmin demand that the coils be
crvostable and exhibhit low lossen during cyveling.
Voltage and wechanical considerations require that the

conductor current be at least 50 kA. This paper din-
cukkes  the design, fabrication, and tenting of twu
prototype Atrands tor S50 hA cables which have been

developed by Irtermagnetiecr General Corporation (1GC)
for the Tokamak Polaidal Field System program. The
firat phase of this program s the construction and
testing of a 20 M) prototype {nduction coifl by
Westinghouse for the Los Alasos Scientific Laboratory
(LASL). The conductor for the 20 MJ coil 18 now beling
fabricated by 11,

Conductor Denign and Fabrication

The baric strand, shown in Fig. 1, in a low-loes,
conductor which {ncorporates subatantial copper for
crvonrtahi!ity and a wmonolithic design that allows a
thin, rugged, film fnaulation. A detailed description
of the tw prototype strands and the strand for the
20 MJ coil, all of which are configured esmentially ax
showm in Figes 1, is given in Table 1. Prototype 1 waa
manufactured for Oak Ridge Nationa]l Laboratory (ORNIL)
and Prototype Il for LASL. The key differences in the
atrvands are f{lament size, amount of nfoblwm-titanium
and copper=nickel, and the distribution of copper. The
ORNL material was made from a 200 kg billet which

*Work performed under the aunplicen of the
U S. Dept. of Enerpy.

. .Hu tinghoune trademark.
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Fig. 1.

Prototype 11 Strand

resulted in a fillament mize of 28.2 g, whercvas the
LASL conductor was made from a 100 kg billet which
resulted in 34.8 m siEe. Starting materfals for all
conductora are OFHC copper with reslstance ratio
freater than 180 and amnic high purity 9S0=-10
copper-nickel. All elements were compuser of line
prained wmateriala, except for the copper-nickel shell
ifn the ORNL conductor. Processing was barically
standard, with twu exceptions. First, becausc the 1i]-
aments Aare clustered at the center of the conductor,
the probaarility of fracture from center hursting i«
increaseds Special dien were therefore used. It wan
felt th~» tins, however, would reduce the probability of
center bursting, because they tend to make the strength
of the composite more homogeneous. Second, tu reduce
the losses Lhe twint plich for Prototype 1] was reduced
to 0.8/cm, vnly four times the overall diameter of Lhe
conductor. If the twist (s referenced to the
filament=filled region the pitch in 6.6 times thin core
diameter. The abllity to twist tightly on a conductor
of this furm {n a significant advantage of the design.

We speculate that the very thick shell imponcen
hydroatatic body forcen on the f{ilamentn during
tuisting which allows significant twiat deformation

without hreaking the f1lamentn.
Energy Losnmer

Energy
and 11 conductors

loss mesauremevnia were made on Prototype 1
having varifous twist and etched
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TABLE 1
CONDUCTOR STRANL DL "RIPTIOUN

Prototyne 1

1.020 mm (12.04U2")
0.69% am (0.0273")
D.64]1 mam (0.0252")
0.054 ma (0.0021")
0.197 ma ((..0069")
1.68] mm? (51%)
0.70) mm? (222)
2.384 ma? (73.)
0.297 me? (92)
0.588 mm? (182)
3.269 am? (1002)
28.2 um

942

Prototype 11

1,020 am (0o Gai ™)
1,046 mn (N.0O&1")
0.664 mm (U.0U26]1")
0.600 am (V.0G230™)
0.066 mm (L.OV20L™)
0.098 mm (0.00IR")
12,0 mm (0.472")
1.782 mm? (5%43)
0.617 am? (19%)
2.199 ma? (732)
0.356 mm? (113)
0.514 mm? (106%)
3.2n9 mm? (JUUL) 3.209 mm? (10u%)
a8 m 22.1 wm

S0 1,35%

lel 20 mE (vafia 27
lothh mz (a1}l
U.660 me (olide")
U660 mm (L2
L)t me (.00
U104 me (OO0
7.72 me (13, 304"
1.82% mm? (%t
0.63) am? (199
2,458 mm? (75%:
0,335 am? (10.)
0.476 Bm? (15.)

confiurations. The objective of the masurements was
tu determine the distribution of the loises as a
function of the various cugponents ul the conductor and

hysteresis losses shown Iin Fig, 2 provide vaiues o1
critical current densities eftective tor lomees at Jow
field levels, and the dynamic losses shown in Fign. 3

to verify the reduction in lossern with reduced twist and 4 confirm the traneverse field coupling and eddy
pitch length. To reduce the losses in the 20 MJ coil
tu an acceptable level the twist pitch length was .
reduced to only four times the wire diamcter. Thin o —T =" B
pitch length prucduced no apparent degradation of the oy [
critical current or the electrical conduction in the z sl dm.
stanilizer. F .
>
2 s a
Wvstere:ic and dynamic loases were measured for an § 2t . ® ® J
exponential field decay from starting fields of 2.2 to " {:. a . a
one , 4 E A s
0T and for exponential decay time constants from 0.7 S o /]
to 280 me. Dynami ¢ lons*s are defined as the 210 °/ /d a 7
difference between the measured losses for a slow field e }/ THEORY EXP
sweep from O to 2.2 to O T and a alow fleld sweep trom 9 ./ — o FULL STRAND 4
0 to 2.2 T tollowed by the rapld exponential change to .// - — @& ETCHED TO FINS
0T ---- & ETCHED TO CORE
The loss wmeasurcments on  the prototype strands
were analrzed to provide two pieces of Information for ' el .
denign of the wtrands for the 20 Ml cotls The {ilament -l 100 1000
I/eis )
10 ' ' -
Fig. 3. Dynamfc Jusscs in Prototype 1 strand
based on equivalent volume.
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Fig. 2. Mill cycle hynterenin loss,

Prototype 1 atrand. Fig. 4.

Dynamic lossen in Prototype 11 mtrand.



current loss theorfes. The correlation becween the low
field Jc values from transport current measurenent s,
shown in Fig. 5, and j_ derived values from the loss
measurement {s poor, e masured cyclic loss per unit
volume was accordingly used divectly to project of
losses near zero fileld for the 20 MJ cotl,

The dvramic losses consist of coupiing and eddy
current compon. 1ts. For pulse times
1) < /q\l (L/2#7)2, these loss components are given
by the low frequency instantaneous power loss
expressions.}*?

P B Lre 2
il L ()
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respectivelv, where p, = (1+3):/(1-1) is the transverse
resistivity in the core with A the fraction of NbTi in
the copper  and NbTY  core reglon  and is the
resistivity ot the copper=nickel ring and ffns. The
latter expression 18 the sum of conventional normal
state eddy current losses for a4 cvlindrical shell of
thickness Ar and conventional normal state eddv current
losses? In the Bix copper sectors within this ring and
between the CuNi fins, each approximated as cylinders
of eguivalent s'ngle-sector area of radius T,
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Fig. 5. Filament critical current density,

Prototype [ strand.
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where the second and third terms of equiticn (1) have

been determined to be smail due to the ettectiveness ot
the CuNt ring and have been dropped trom equation (1),
and the coefticients,

1 B X Hd B

C. & e - {OEX '&’(‘1-7‘—-——- 9)
I - ) J (W]

2 p(.H u) 0 [+ R Joore

max Cu, core o
and
c, = ! jhm.‘lx — Bd,'i_.-‘-- . (t)
e B‘ (B-U) 0 (14 é%(ﬁjj

max uh outer R vuter

O

were  calculated tor Prototype 1 using  the copper
resistivity ratios tor the wuter copper,
(Pa73 1/ Py gleore ® V0 and the copper lotween  che

filaments, 0, {3 X Dzu k)(m“r = 125, determined from
resistivity ratio measurements in tH, with the outer
copper saell and the sectored reglon Buccektively
cetched away. The total losses calculeted tor the
Prototype 1 etrands with these equations are about 20a
below the measured losses for the full errand at 1/1
values appropriately well below the 1/ 1 upper limit of
100 k77 for these strands. The <calculated losses,
excluding those i the outer copper shell and excluding
the outer copper altogethar, are simiiarly about 20a
below the 17 iBes measured for the strands with the
outer copper innulus e' rhzd away, and all of the outer
copper et aed away, respectively. ™is s  Rgood
agrecowent with experiment, considering the judgments
required for the use of conductor parameters and the
approximations use:) in conutructing the theory. The
loss expresaions used here and the method of thelr use
are, thereiore, confirmed. Note chat the copper
be:ween the fins contributes a neglipibly small loss
component, and note also that the loss {n the annulus
‘s approximately half of what 1t would have been {f the
fins had not been present.

Thene same loss expressiogs were applied to the
Prototype 11 atrands uslng RRR = 141 for hoth the
core and outer copper. As shown In Fig: % the pre-

dicted percentage losks reduction due to twist (s
achieved, but the absolute value of the lusses
projected for both pitch lengths {8 lower than that

measured by about 40X, The effect of twist length has



thus been confirmed for tight twists of the type that
will be used in the 20 MJ coil. Because the fjlament
size and number will be more like that in Prototype I,
and these parameters influence the effect of p- and 1},
the values used in calculating losses for Prototype 1
have been used for the 20 MJ coil design.

Conductor Stability

Sctability measurementr have been made on the
Prototype 1 strand, bare and insulated, and insulated
Prototype 11 strands in a six-around-one subcable.
Heaters mounted on the samples induced & normal zone in
the conductor and voltage taps were used to monitor its
subsequent propagation or recovery. Details of the
experimental approach have been discussed.“

The samples were wound on a8 20 ¢m diameter G-10
cvlinder in a way which essentially allowed total
surface contact to tHe. Heaters were U.64 cm by 5.1 cm
by 0.025 cr Kapton covered resistance strips. For the
single strand samples the heater was wrapped on a

0.5 cm diam, 0.9 cm long copper cylinder, soldered to
the conductor. For the subcable the heater was simply
wrapped around and taped. Hrater pcwers, a few watts,

werc the minimum required to drive the sample normal.

Results of etability current measurements on the
Prototype 1 strand are given in Table 11. Stability or
recovery current {s defined here as the maximum curreat
that the conductor can carry and still recover to the
wuperconducting state after the removal of a minimum,
steady state heat input which produces a normal zone.
A significant enhancement in heat transfer and conse-
quently recovery current for the {nsulated compared to
the barce strand 18 seen. The respective heat transfer
rater, calculated simply as lzp(H)/A-uP where P 15 the
total strand pirimeter, are approximately 0.5 W/cm? and
0.3 W/cm?.

Results on the Prototype 11 subcable are also
given In Table 11. The heat transfer rate cannot be
obtained directly from the data because the surface
area avallable for cooling is unknown. If, however,
the heat transfer i{s assumed to be unchanged, then the
fract.on of Rurface arca per strand which iR available
for coolfng can be calculated. This 18 roughly 602 as
shown {n the bottom row of Table 11. Extrapolation,
which ignores further Jloss of surface heat transfer
area due to final cabling and spacers, of the egubcable
recovery current data to the full 50 kA cable for the
20 MJ coll gives 66 kA. Configuration effects are to

TABLE 11
SINGLE STRAND RECOVERY CURRENT

Field (T)

0 2.0 3.0 3.8 42 4.5 5.0 5.5 5.7

Bare 630 490 430 400 380 380 370 360 350
Innulated 820 670 590 560 515 510 470 460 450

SUBCABLFE RECUVERY CURIENT (lnsulated Strands)

oo Meld (1)

3.0 40 5.0 3.5 571 _6.0

Recovery 2650 2450 2250 2200 2150 2100
__(.i.'.‘l'_‘,"“-.‘.'_’l'./_ﬁ_)_’ 0.% 0.5 U.64 0.66 0.6) —

be evaluated in a test of the full 50 kA prototype
cable in the Lawvrence Livermore Laboratory High Field
Test Facility.

Two other asyects of the recovery characteristics
of the conducto. were {nvestipated. Firs?, the
recovery current as a function of fHe bath temjerature
was measured at 4 T. The dewar was allowed tu
pressurize ancd the bath temperaturc to rise froc the
ambient 4.0 K to about 4.5 K, the operating legjcratuie
of the 20 MJ coll. There was no measurable change o
the recovery current. Se¢cond, the condurtor iecovery
characteristics under pulsed heat {nput conditiune
above the steady state recovery licit were dlst
measured st 4 T. Iuitfally the encrgy required to
produce a normal zone as & function of puls:  tims was
determl ned. This energy became constant beiow 5i ms,
which was then chosen as the pulse width. The results
shown in Fig. 6 define the cryostable limit trun abave
and agree well with the steady state limit.

Conclusions

Cryostable, low-loss strands for cables tor pulsed
cofl applications have been successfully fabricated.
Energy loss and stability measurcoents and analvsis
show that the etrands meet the requirements for a 20 M)
prototype tokamak induction heating conil. The thin,
tough 1Insulation desirable for induction cuil ecvelic
opcration, wmade possible through the use of uniquely
configured monolith{c strands, achieves a substantially
increased heat transfer over that provided by bare wire
surfaces.
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